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 The system integrated with a NTP and a BTF unit achieved high efﬁciency to remove gaseous dimethyl sulﬁde.
 Bacterial communities in the BTF were assessed by PCR–DGGE.
 The addition of ozone from NTP made microbial community in BTF more complicated and active for DMS removal.
 Mechanism of DMS reaction in NTP–BTF was proposed.a r t i c l e i n f o
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Combination of non-thermal plasma and
biological process
Bacterial communitya b s t r a c t
A bench scale system integrated with a non-thermal plasma (NTP) and a biotricking ﬁltration (BTF) unit
for the treatment of gases containing dimethyl sulﬁde (DMS) was investigated. DMS removal efﬁciency in
the integrated system was up to 96%. Bacterial communities in the BTF were assessed by PCR–DGGE,
which play the dominant role in the biological processes of metabolism, sulfur oxidation, sulfate-reduc-
ing and carbon oxidation. The addition of ozone from NTP made microbial community in BTF more com-
plicated and active for DMS removal. The NTP oxidize DMS to simple compounds such as methanol and
carbonyl sulﬁde; the intermediate organic products and DMS are further oxidized to sulfate, carbon diox-
ide, water vapors by biological degradation. These results show that NTP–BTF is achievable and open new
possibilities for applying the integrated with NTP and BTF to odour gas treatment.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Dimethyl sulﬁde (DMS) is an obnoxious odor pollutant owing to
its offensive smells with a very low odor threshold value of
0.6–40 ppb and extreme negative hedonic characteristics, which
is generated in the off-gas from paper mills, wastewater treatment,
sewage sludge disposal, kraft process, organic synthesis, dyeing of
acetate textiles, pharmaceuticals, insecticides and fungicides (Giri
et al., 2010). Non-thermal plasma (NTP) is a promising technology
for waste gas treatment (Durme et al., 2008). The non-thermal
dielectric barrier discharge plasma reactor ﬁlled with ceramic ras-
chig rings had the best H2S removal performance (Liang et al.,
2011). Dimethyl sulﬁde was fully decomposed by two-electrodeAr micro-plasma, the H2-, CS2-, and H2S-gaseous products were
possibly recyclable and trapped (Chen et al., 2012). Breakdown
voltage of DMS in Ar is lower than that of DMS in N2, both of which
are proportional to the gas pressures in a wire-cylinder pulse cor-
ona reactor. The conversion of DMS in Ar is more efﬁcient than that
in N2 and air at a ﬁxed peak voltage (Chen et al., 2009). When di-
methyl sulﬁde and dimethylamine from pesticide factory were
decomposed together in dielectric barrier discharges, synergistic
actions exist in the processes, leading to higher conversion, higher
energy yield and less byproducts formation (Chen et al., 2010).
Increasing humidity inhibits the O3 production in NTP and MnOx/
Al2O3 catalytic decomposition by the combination of NTP and its
catalyst (Fan et al., 2010). The negative humidity effect on post-
plasma catalytic toluene removal is mostly due to changing Van
der Waals interactions (Durme et al., 2009).The efﬁcient decompo-
sition of O3 on MnO2 at ambient temperature leads to the forma-
tion of reactive oxygen species susceptible to react with residual
pollutants in the efﬂuent (Jarrige and Vervisch, 2009).
Bioﬁltration has been known as an efﬁcient waste gas control
technology for treatment odour at low cost of maintenance,
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inoculation protocols were compared for start-up of a biotrickling
ﬁlter (BTF) removing dimethyl sulﬁde (Sercu et al., 2005). Biologi-
cal treatment of DMS was investigated in a bench-scale bioﬁlter,
packed with compost along with wood chips, and enriched with
Bacillus sphaericus (Giri et al., 2010). Hydrogen sulﬁde, methaneth-
iol, dimethyl sulﬁde and dimethyl disulﬁde was degradated by
Thiobacillus thioparus DW44 isolated from peat bioﬁlter (Cho
et al., 1991). Dimethyl sulﬁde was conversed by Methylophaga
sulﬁdovoran in a microbial mat (Zwart and Kuenen, 1997). The
diversity of the bacterial community in the bioﬁlter is dynamic
and varies with inlet DMS loads, the addition of glucose, and
ﬂuctuating temperature (Chung et al., 2010).
Biological treatment of dimethyl sulphide was investigated in a
bench-scale bioﬁlter B. sphaericus. Evaluation of microbiological
status of the bioﬁlter indicated the presence of other bacterial cul-
tures viz. Paenibacillus polymyxa, and Bacillus megaterium, besides
B. sphaericus (Giri et al., 2010). Bioﬁlter ﬁlled with a mature com-
post containing sewage sludge and yard waste as ﬁlter medium
was designed to treat an average ammonia and volatile organic
sulfur compounds (Hort et al., 2009). Methanol (MeOH) addition
could enhance DMS treatment by up to 35% through a MeOH pulse
feeding strategy (Zhang et al., 2007), but too much MeOH is detri-
mental (Kumar et al., 2010). A dominant DMS-oxidizing strain Au7
was isolated and identiﬁed as Chemolithotrophic thiobacilli (Wang
et al., 2011). The bioﬁlter containing the yard waste compost ﬁlter
medium is the more efﬁcient to remove a mixture of gaseous re-
duced sulfur compounds containing hydrogen sulphide, methyl
mercaptan and dimethyl sulphide (Hort et al., 2013). Reduced sul-
phur compounds such as hydrogen sulphide, methyl mercaptan,
dimethyl sulphide and dimethyl disulphide were removal simulta-
neously by a two-phase biotrickling ﬁlter in series – the ﬁrst one
inoculated with A. thiooxidans and the second one with T. thiopa-
rus (Ramírez et al., 2011). Hydrogen sulphide and methyl mercap-
tan have an inhibitory effect on the bio-oxidation of DMS and
dimethyl disulphide. The inhibitory effect of H2S over the oxidation
of DMS and dimethyl disulphide is greater than methyl mercaptan
(Cáceres et al., 2012).
Non-thermal plasma may cause secondary pollution. Bioﬁltra-
tion, its disadvantages, include large volume of bioreactor and slow
adaptation to ﬂuctuating concentrations in waste gas. This requires
combination of non-thermal plasma and biological process to meet
the more strict standards.
The objective of this work is to study the dimethyl sulﬁde re-
moval by integrating reactor consisting of a NTP and a BTF, to fur-
ther improve removal efﬁciency, to eliminate secondary pollution
from NTP and reduce the volume of bioreactor and run stability.
The study analysis bacterial community composition in BTF
assessed by polymerase chain reaction-denaturing gradient gelFig. 1. Schematic diagram of an integrated reactor includes a non-thermal plasma (NTPelectrophoresis (PCR–DGGE), and evaluates residence time (RT)
on the integrating reactor. The mechanistic for NTP-biological oxi-
dation of odor were elicited, which is believed to promote the
application of the NTP–BTF.
2. Methods
2.1. Experimental procedure
The schematic of the bench-scale integrated reactor includes a
NTP and a BTF unit is presented in Fig. 1. The non-thermal plasma
discharge is produced in NTP reactor consisting of two electrodes.
The outer electrode is a multiaperture aluminum piece (140 mm
longth and 100 mm width) and the inner electrode is a copper
rod (diameter = 10 mm). The outside wall of the reactor is wrapped
over by a glass. The non-thermal plasmas were generated by
applying high voltage power into the reactor. The biotrickling ﬁlter
(internal diameter of 90 mm and 1200 mm long) was packed with
ceramsite (external diameter of 8–15 mm) to a height of 510 mm.
It was divided into three sections with the ﬁlter medium at each
section was supported on a stainless steel sieve plate that ensured
homogeneous distribution of gas ﬂow over the entire cross section
of the ﬁlter bed; biodegrading bacterials adhere to the surface of
ceramsite to form the bioﬁlm.
The dimethyl sulﬁde supplied from the gas cylinders, was ﬁrst
diluted with the compressed air, passed through an air mixture
bottle, then ﬂowed through the NTP reactor and ﬂowed upwards
the bottom of the BTF. DMS concentrations were monitored by
the analysis device of Photo-Ionization Detector, and gas ﬂow rate
was monitored by the rotameter and the mass ﬂow controllers. In
the process of the biodegradation of DMS experiments, nutrient-
containing aqueous solutions was sprayed downward at a rate of
0.94 m3 m2 h1 with a peristaltic pump from the top of column
to maintain the moisture of the BTF and supply nutrients to the
microbial population.
2.2. Analytical methods
Bacterial community compositions in the biotricking ﬁlter of di-
methyl sulﬁde were assessed by PCR–DGGE, and identify the colo-
nies of the predominant microorganisms by the procedures of total
DNA extraction, polymerase chain reaction (PCR) ampliﬁcation of
16S rDNA, and sequencing and comparing results with those in
the GenBank database by using the BLAST server of nucleotide se-
quence similarity in the NCBI website. MiniRAE PLUS PGM-7320
Photo-Ionization Detector analysis device was used for analysis
of DMS concentration, which was made in USA (RAE systems Com-
pany, USA). Gas ﬂow rates were measured using Model LZB-1 ﬂow
meters with units of 0.1 m3 h1. The pH values were measured by a) and a biotricking ﬁltration (BTF) unit for treatment of waste gas containing DMS.
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China). Ozone concentration was measured by an electro-chemical
gas analyzer (AIC-800-03, Shenzhen aopul Co. Ltd).3. Results and discussion
3.1. Performance of the integrated system
Fig. 2 shows the performance of the integrated reactor for
DMS removal during the 30-d continuous running test under
the conditions of pH of 6.5, input voltage (2 kV), sprinkling
amount (0.94 m3 m2 h1), inlet concentration of 70–80 mgm3
DMS, RT of 10.6 s inside the NTP and empty bed residence time
(EBRT) of 10.3 s inside the BTF in the integrated system. The
conversion of DMS in NTP changes slight from 16.1% to 24.5%,
this illustrated that NTP has low decompose of DMS perfor-
mance. The conversion of DMS biodegradation efﬁciency in-
creases from 84.4% with 1 d to 95.4% at 4th d, then decreases
to 90%; whereas the conversion of total DMS removal efﬁciency
increases from 87.7% to 96.3%, then decreases to 91.9%, showing
good DMS degradation effect.
Non-thermal plasmas can accelerate primary electrons collide
with background molecules (N2, O2, H2O,) producing secondary
electrons, photons, ions and radicals. These latter species are
responsible for the oxidation of DMS molecules. Free radicals,
such as OH and O, are highly reactive species which are ideal
for the conversion of DMS to CO2, SO2, H2O and other degrada-
tion products (Vandenbroucke et al., 2011). This process is highly
non-selective, creating a chemical reactive environment in which
DMS are readily decomposed. The NTP free radical oxidation of
DMS can also proceed in a different way, giving rise to the
gas-phase intermediate organic products. Under aerobic condi-
tions in a biotrickling ﬁlter, DMS and the intermediate organic
products from DMS oxidation by NTP are oxidized to sulfate, car-
bon dioxide, water vapors by biological degradation. Gas-phase
DMS should ﬁrst diffuse through a thin aqueous layer surround-
ing the ﬁlter medium, and then DMS is directly adsorption to the
surfaced of bioﬁlm, biological degradation is the process in
which DMS is oxidized to sulfate, CO2 and H2O. Thus, a bench
scale system integrated with a NTP oxidation and a biotrickling
ﬁlter unit should eliminate secondary pollution from decomposi-
tion of DMS by NTP process and run stability.Fig. 2. performance of the integrated reactor during the 30-d continuous running
test under the conditions of pH of 6.5, input voltage (2 kV), sprinkling amount
(0.94 m3 m2 h1), inlet concentration of 70–80 mg m3 DMS, RT of 10.6 s in NTP
and EBRT in BTF of 10.3 s in the integrated system.3.2. The inﬂuence of residence time
The effect of RT on DMS removal is presented in Fig. 3, under the
conditions of pH of 6.5, inlet concentration of 76.2 mg m3 DMS,
input voltage (2 kV) and sprinkling amount (0.94 m3 m2 h1) in
the integrated system. The conversion of DMS in NTP increases
from 9.7% to 41.6%, whereas DMS biodegradation efﬁciency in-
creases from 27.5% to 91.5%, total DMS removal efﬁciency in-
creases from 39.6% to 100% with RT increasing from 5.2 to 26.2 s.
DMS was completely converted in NTP–BTF at RT of 26.2 s. These
results demonstrate that increasing RT from 5.2 to 26.2 s caused
a rise in the DMS removal efﬁciency by 60.4% in the NTP–BTF inte-
grated system. This increase in removal efﬁciency was primarily
due to the extension in the contaminant retention time in the
NTP–BTF system which did provide sufﬁcient time for the NTP oxi-
dized DMS, transfer of DMS from the gas phase to the bioﬁlm, as
well as microbes to capture, adsorption and degradation of DMS.
This also indicates the longer residence time is a beneﬁt on the re-
moval of DMS, in the case where the RT is too short to NTP -biolog-
ical oxidized DMS to SO24 , CO2, H2O before release. The type of
NTP, and the volume of bioﬁlter with degradation DMS microor-
ganisms are the key elements.
As shown in Fig. 3, DMS removal efﬁciency in the simultaneous
presence of NTP and BTF reactor increases from 5.8% to 15.9% than
the BTF only with increasing RT. The additional use of the biotric-
kling ﬁlter to NTP reactor not only leads to the enhancement of
DMS removal efﬁciency up from 29.9% to 58.4%, but also eliminates
gas-phase intermediate organic products from NTP degradation of
DMS to produce sulfate, CO2, H2O. The NTP–BTF process provided
higher removal efﬁciencies than those of the BTF alone process
over an inlet concentration of 76.2 mg m3 DMS for residence
times of 10.6 s inside the NTP reactor and 10.3 s inside the biotric-
kling ﬁlters. NTP pretreatment reduced the inhibitory effects of
DMS on microorganisms inside biotrickling ﬁlters. The NTP degra-
dation of dimethyl sulﬁde can produce ozone and intermediate
products with increasing the water soluble of contaminants, ozone
helped to control the biomass, thus slowing down the pressure
drop increase in the bioﬁlters. The empty bed residence time
(EBRT) for the laboratory scale and industrial scale biological treat-
ment of waste gas containing DMS has been reported in the range
of 24–120 s (Zhang et al., 2007a,b; Bentley and Chasteen, 2004;
Hort et al., 2013). A bench scale bioﬁlter packed with compost
and wood chips seeded with B. sphaericus could efﬁciently removeFig. 3. Inﬂuence of residence time under the conditions of pH of 6.5, inlet
concentration of 76.2 mg m3 DMS, input voltage (2 kV) and sprinkling amount
(0.94 m3 m2 h1) in the integrated system.
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an effective bed contact time (EBCT) of 360 ± 20 s with loading rate
in the range of 4–28 g DMSm3 h1 (Giri and Pandey, 2013). The
removal efﬁciency of DMS in the membrane bioreactor was found
to be 93% at 24 s gas residence time and DMS concentrations of
116 mg m3 (Bo et al., 2002).3.3. Bacterial community composition
The dynamic changes of microbial community structure in the
biotrickling ﬁlter inﬂuenced by ozone from NTP were assessed by
PCR–DGGE. Results show that the microbial communiy structure
is affected by ozone, a part of microorganisms are disappeared
and some new microorganisms are appeared at the same time.
After the NTP and BTF integrated, the microbial community struc-
ture in BTF change from 12 bands to 13 bands (Table 1). Six bands
(C, E, I, J, M, and N) bacterial group that includes Uncultured beta
proteobacterium, Uncultured delta proteobacterium, Uncultured bac-
terium, Thiobacillus ferrooxidans, Acidithiobacillus sp. E6-1, Uncul-
tured Thiobacillus sp., which have the functions of sulfur
oxidation and sulfate reduction separately, were disappeared,
due to its inability to survive the ozone. Seven bands (A, B, D, K,
O, P, and R) bacterial group that includes Uncultured Bacteroidetes
bacterium, Uncultured Thiobacillus sp., Methylophilus sp., Alpha pro-
teobacterium H56, Acidocella sp. I10 and two Uncultured bacteriums,
which have the functions of sulfur oxidation, demethylation and
sulfate reduction, were appeared. Six bands (F, G, H, L, Q, and S)
bacterial group that includes Uncultured beta proteobacterium,
Uncultured delta proteobacterium, Uncultured bacterium, Thiobacillus
ferrooxidans, Acidithiobacillus sp. E6-1, Uncultured Desulfovibrio sp,
which have the functions of sulfur oxidation, were unchanged.
Thiobacillus ferrooxidans, Acidithiobacillus sp. E6-1 are sulfur-oxi-
dative bacteriums, enhancing the metabolism of DMS in the bio-
trickling ﬁlter (Giro et al., 2006). Methylophilus sp. has been
shown to be capable of the metabolism of DMS in the biotrickling
ﬁlter (Doronina et al., 2005). Bacillus sp., sulfur-oxidizing bacteria,
was able to degrade H2S (Ryu et al., 2009). Proteobacterium, oxidiz-
ing inorganic sulﬁde and mercaptans (Duncan et al., 2001), and
Rhodococcus, deodorizing domestic animal feces, have been de-
scribed as sulﬁde oxidizers (Yun and Ohta, 1997). Since DMS can
be metabolized to dimethyl sulfoxide, methyl mercaptan, hydro-
gen sulﬁde, and sulﬁde (SO24 ) (Shu and Chen, 2009), this predom-
inant bacterias may be attributable to the potential for sulfur
oxidation and carbon oxidation processes to occur simultaneouslyTable 1
Nucleotide sequence similarity and sequenced DGGE bands.
Band Closest relative Accession
A Uncultured Bacteroidetes bacterium GU17979
B Uncultured Thiobacillus sp. HQ67483
C Uncultured bacterium clone JN200190
D Methylophilus sp. NR041257
E Uncultured Chitinophaga sp. DQ50715
F Uncultured beta proteobacterium EF073830
G Uncultured delta proteobacterium EF665416
H Uncultured bacterium JQ407983
I Uncultured bacterium GU250869
J Uncultured Alphaproteobacteria CU926719
K Alpha proteobacterium H56 HM89138
L Thiobacillus ferrooxidans AB039820
M Bacillus sp.BG.Sph.051 DQ09946
N Uncultured Thiobacillus sp. FJ933365.
O Uncultured bacterium AB618412
P Acidocella sp.I10 FR874225
Q Acidithiobacillus sp.E6-1 JQ781190
R Uncultured bacterium FJ9848.1
S Uncultured Desulfovibrio sp. AJ536098in the biotrickling ﬁlter system. Biooxidation of sulphide and inter-
mediary sulphur compounds carried out by sulphide oxidizing bac-
teria are crucial in biotreatment of acid mine drainage and in the
bioleaching of refractory minerals.
Uncultured beta proteobacterium, Uncultured delta proteobacteri-
um, Uncultured bacterium, Uncultured Desulfovibrio sp. are belong to
sulfate-reducing bacteria (SRB) (Takahashi et al., 2010). Sulfate-
reducing bacteria are generally considered to utilize glucose as car-
bon and energy source but not deplete hydrocarbon directly, to use
sulﬁde (SO24 ) as electron-acceptors to catabolize organic materials
(Zhao et al., 2010; Portillo and Gonzalez, 2009).Sulfate can be bio-
logically reduced to sulﬁde hydrogen with SRB. Thus, this predom-
inant bacterias play the dominant role in the biological processes
of metabolism, sulfur oxidation, sulfate-reducing and carbon oxi-
dation to occur.
3.4. Mechanism of DMS reaction in NTP–BTF
The NTP oxidation intermediate products were identiﬁed by
analysing them with a GC–MS. The gas-phase intermediate organic
products were detected in the sample after the NTP reaction. While
DMS (CH3SCH3, m/z = 91) was identiﬁed in the sample collected
before NTP reaction, the gas-phase intermediate organic products
such as carbonyl sulﬁde (O@C@S, m/z = 60) and methanol (CH3OH,
m/z = 32) from DMS decomposed by NTP were identiﬁed by GC–
MS.
Non-thermal plasmas can produce electrons, photons, ions and
radicals by accelerating primary electrons collide with background
molecules (N2, O2, H2O,). One of the important by-products in NTP
is ozone, which is produced by ionization of oxygen molecules
(Wan et al., 2011). The hydroxyl radicals would react with ozone
to generate HO2 radicals and O2, and then the HO2 radicals would
react with ozone to form hydroxyl radical and O2 (Ayrault et al.,
2004). Ozone and free radicals can react with DMS to generate
SO2, carbon dioxide and water. The free radicals such as O, HOO
and OH are suggested to facilitate the oxidation of DMS, yield sul-
fate, CO2, H2O. Methanol, carbonyl sulﬁde from DMS decomposed
by NTP were identiﬁed by GC–MS. DMS and the intermediate or-
ganic products from NTP decomposition of DMS are oxidized to
sulfate, carbon dioxide, water vapors by biological oxidation.
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Fig. 4. Proposed degradation pathways of DMS in the NTF–BTF.
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Based on the above results, we propose the following the poten-
tial degradation pathways of DMS by Non-thermal plasma and bio-
logical integrated system (Fig. 4). The NTP may generated a lot of
active particles such as O3,O and OH, these active particles may
oxidize DMS to simple compounds such as methanol, SCO and
CO. Methylphius sp. may degradate the compounds contain methyl
and methanol to CO2; Bacillus sp. BG.Sph.051 may use sulﬁde or-
ganic get energy to synthesis its own material; Uncultured Thioba-
cillus sp., Uncultured Thiobacillus sp. and Acidithiobacillus sp. E6-1 in
BTF may convert DMS to CO2 and (SO
2
4 ;Acidocella sp. I10 may
degradate (SO24 to S
0 and S2.4. Conclusions
The paper revealed that the NTP-biological process can be used
for removal of DMS from waste gas. DMS removal efﬁciency in the
integrated system was up to 96%. The addition of ozone from NTP
made microbial community in BTF more complicated and active
for DMS removal. The predominant bacterias play the dominant
role in the biological processes of metabolism, sulfur oxidation,
sulfate-reducing and carbon oxidation. The NTP oxidize DMS to
simple compounds such as methanol and SCO; the intermediate
organic products and DMS in the BTF are oxidized to sulfate, car-
bon dioxide, water vapors by biological degradation.Acknowledgements
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